The CXXCH motif is usually recognized in the bacterial periplasm as a haem attachment site in apocytochromes c. There is evidence that the Escherichia coli Ccm (cytochrome c maturation) system recognizes little more than the CXXCH sequence. A limited number of periplasmic proteins have this motif and yet are not c-type cytochromes. To explore how unwanted haem attachment to CXXCH might be avoided, and to determine whether haem attachment to the surface of a non-cytochrome protein would be possible, we converted the active-site CXXCK motif of a thioredoxin-like protein into CXXCH, the C-terminal domain of the transmembrane oxidoreductase DsbD (cDsbD). The E. coli Ccm system was found to catalyse haem attachment to a very small percentage of the resultant protein (∼0.2 %). We argue that cDsbD folds sufficiently rapidly that only a small fraction fails to avoid the Ccm system, in contrast with bona fide c-type cytochromes that only adopt their tertiary structure following haem attachment. We also demonstrate covalent haem attachment at a low level in vivo to the periplasmic disulfide isomerase DsbC, which contains a native CXXCH motif. These observations provide insight into substrate recognition by the Ccm system and expand our understanding of the requirements for covalent haem attachment to proteins. The possible evolutionary relationship between thioredoxins and c-type cytochromes is discussed.
Introduction
Proteins with the thioredoxin fold are ubiquitous in nature, contain a CXXC motif at their active sites and function in controlling the redox state of intracellular environments [1] ; they do not contain a cofactor and function by direct thiol-disulfide exchange reactions with target proteins. Cytochromes c have a similar motif, but, in general, the cysteine pair is followed by a histidine residue, forming a CXXCH motif that binds covalently to a haem cofactor [2] , which confers diverse functionalities. The histidine side chain is almost always an axial ligand to the haem iron. c-Type cytochromes require biogenesis systems for their formation and several such systems have been identified in different organisms [3] [4] [5] [6] [7] . There are exceptions to this characteristic motif, which include CXXCK variants, as well as those with more than two amino acids between the cysteine residues; some of these require specialized biogenesis systems [8] .
The Ccm (cytochrome c maturation) system found in many Gram-negative bacteria, including Escherichia coli, and plant mitochondria consists of eight proteins: CcmACcmH. Various studies have investigated the specificity of the Ccm system, including variations in the haem- binding motif, expression of cytochromes c from other organisms and minimization of the polypeptide adjacent to the recognition sequence [9] [10] [11] [12] . The demonstration that the E. coli Ccm system could attach haem to a peptide of just 12 amino acids [10] implies that a haem-binding pocket, which is classically found in haem-containing proteins, was unnecessary for covalent attachment to occur. Thus one can conclude that the Ccm system recognizes only the short linear stretch of sequence containing the CXXCH motif (or in some circumstances CXXXCH or CXXXXCH motifs). The relative lack of specificity of the Ccm system contrasts with the cytochrome c biogenesis pathway found in yeast, which is different from that found in bacteria. Specific haem lyases are required to mature cytochromes c in yeast mitochondria, namely cytochromes c and c 1 [13, 14] . The lack of specificity of the Ccm system prompted us to question whether haem attachment could occur to any periplasmic globular protein with the CXXCH motif on its surface. There are some examples of CXXCH motifs occurring naturally in periplasmic proteins that are not c-type cytochromes, including E. coli DsbC and Bradyrhizodium japonicum CcmG. Their existence is also intriguing in the context that it has recently been argued that a periplasmic CXXCH motif serves as an instability element unless haem can be attached [15] .
Thioredoxin-like proteins which contain a CXXC motif display the active-site cysteine residues on a surface loop which makes this fold an ideal model for testing haem attachment to a protein surface. We have characterized, using NMR [16] , the C-terminal domain of DsbD (cDsbD) which Protein concentration was 1.1 mM in 50 mM Tris/HCl and 150 mM NaCl (pH 7.5). The broken line depicts the spectrum of the protein as purified, and the solid line depicts the spectrum after reduction with dithionite. The inset shows the pyridine haemochrome spectrum.
provides reductant to the E. coli periplasm [17, 18] ; this protein has a classical thioredoxin fold [19] and is highly rigid in its structure [16, 20] . We have replaced, by mutation, the lysine residue following the second cysteine with a histidine residue and tested the binding of haem to this protein in vivo. In addition, we examined whether the Ccm system would attach haem to the wild-type CGYCH motif of the E. coli periplasmic disulfide isomerase DsbC. DsbC has a thioredoxin-like domain with its two active-site cysteine residues at the end of an α-helix [21] . As this protein coexists in the periplasm with the Ccm proteins, we sought insight into possible mechanisms involved in protecting DsbC from unwanted haem attachment. Clearly, there must be a basis for protein sorting within the periplasm to ensure selection of proteins for the appropriate post-translational pathway.
Procedures
Wild-type cDsbD was expressed from pDzc1a [16] . CX-XCH-cDsbD (K465H variant) was expressed from pDzc6 produced by site-directed mutagenesis on pDzc1a. DsbC was expressed from pEC613, which was cloned from E. coli genomic DNA into the NdeI/SalI site of pISC2 [22] . cDsbD, CXXCH-cDsbD and DsbC were expressed as described previously for cDsbD on rich medium [16] . Expression of these constructs in the presence of the Ccm system was performed in BL21(DE3) E. coli cells transformed with plasmids pDzc6, pDzc1a or pEC613 and pEC86 (encoding Ccm proteins A-H [23] ). DsbC expression was induced with 0.1 % L-(+)-arabinose. The proteins were purified by virtue of their His 6 tags, as described in [16] .
Visible absorption spectra were recorded using a Varian Cary 50 Bio spectrophotometer. Pyridine haemochrome spectra were obtained according to the method of Bartsch [24] . Invitrogen 10 % Nu-PAGE gels were used for SDS/PAGE analysis, and gels were stained for covalently bound haem according to the method of Goodhew et al. [25] . Simply Blue Safe stain was used for staining gels for protein content and SeeBlue Plus 2 was used as a protein marker. Protein concentration determination was carried out using the BCA (bicinchoninic acid) protein assay. Figure 1 shows the visible spectrum of CXXCH-cDsbDHis 6 (K465H, numbered according to the full-length protein) purified from the periplasm, having been co-expressed with the Ccm proteins from the plasmid pEC86, and indicates the presence of haem in complex with the protein.
CXXCH-cDsbD-His 6 undergoes restricted covalent haem attachment by the Ccm system
Covalent haem attachment to periplasmic proteins requires the expression of the Ccm operon from a plasmid under aerobic conditions [23] ; endogenous E. coli Ccm proteins express only under anaerobic conditions [26] . The inset shows the pyridine haemochrome α-band; the maximum wavelength of 550 nm is characteristic of haem covalently linked to the protein via two thioether bonds. The presence of covalently linked haem was confirmed by SDS/PAGE (Figure 2) . The haem stain shown in lane 3 indicates the presence of covalently bound haem in the band corresponding to the mass of cDsbD. Lane 1 shows the protein stain; comparison of the intensity of the protein band with the haem-stained band indicates that the level of haem attachment is low (haem staining is much more sensitive than protein staining). The yield, of 0.2 %, was calculated from the haem concentration (determined from the intensity of the α-band of the pyridine haemochrome spectrum and a molecular absorption coefficient of 29.1 mM −1 · cm −1 [27] ) relative to the total protein content of the solution. The intensity of the band in lane 3 is low because CXXCH-cDsbD runs as a diffuse double band on SDS/PAGE; its PelB signal sequence is cleaved inefficiently by the signal peptidase, leaving a large fraction of the protein uncleaved. Attempts to modify the level of haem attachment by addition of reductant/oxidants to the growth medium showed no significant change. We also showed by thrombin cleavage of the His 6 tag from purified protein that the haem was attached to cDsbD itself.
The above experiments were also performed with wildtype cDsbD, which contains a CXXCK motif, and no haemprotein was detected in the presence of pEC86. Moreover, no haem-CXXCH-cDsbD protein was detected in the absence of pEC86, although the total amount of cDsbD produced was very similar to that seen in the presence of Ccm proteins.
DsbC undergoes limited covalent haem attachment by the Ccm system in vivo
We expressed a His 6 -tagged form of DsbC in the periplasm with the Ccm proteins and analysed the periplasmic extract for a haem-staining species by SDS/PAGE. Figure 3 (lane 3) shows the presence of a band at the mass expected for DsbC cleaved of its targeting signal. Once more, in the absence of pEC86, no DsbC with haem attached was detected ( Figure 3 , lane 2). DsbC was purified from the periplasm, and the level of haem attachment was also found to be low (5.9 %).
Discussion
A great deal of evidence indicates that the Ccm system recognizes only the short region of polypeptide containing the CXXCH cytochrome motif for covalent haem attachment. This includes experiments showing that the system attached haem to a 12-amino-acid CXXCH-containing peptide [10] , the fact that there is a small number of residues between the CXXCH haem-binding motifs in multihaem cytochromes c, and the finding that covalent haem attachment occurs in the case of a CXXCH motif of a cytochrome fused to the N-terminus of alkaline phosphatase. This conclusion implies that haem should be attached to any periplasmic protein that contains this motif. We changed the CXXCK motif of cDsbD to CXXCH and co-expressed this protein with the Ccm system. The active-site CXXC of cDsbD is found in a position at the surface of the protein where the Cterminal of the two cysteine residues in particular is relatively shielded from solvent (5 % exposure). The outcome of the in vivo study was that 0.2 % of the total protein acquired covalently attached haem, showing that the Ccm system is very inefficient at attaching haem to the CXXCH of cDsbD.
The ability of the Ccm system to recognize a short linear protein sequence would suggest that apocytochromes are maintained, possibly aided by components of the Ccm system, in an unfolded state when they are delivered to the periplasm by the Sec system. The most straightforward explanation for the low level of haem attachment is that cDsbD folds sufficiently quickly that it evades interaction with the Ccm system. This explanation is supported by the observation that E. coli thioredoxin, which has a very similar fold to that of cDsbD, folds rapidly [28] . The rapid folding of cDsbD would prevent the recognition of the crucial linear region by the Ccm apparatus (presumably provided by a binding site on CcmF and CcmH) which would otherwise result in haem binding. It is also possible that a high intrinsic conformational stability of a protein such as cDsbD could also account for it undergoing low levels of covalent haem attachment. A variety of examples of de novo designed cytochromes have been reported [10, 29, 30 ]. An understanding of the requirements for haem attachment in vivo contributes to our understanding of how these proteins might be designed. We suggest that protein conformations that fold rapidly and are highly stable would not be good scaffolds for haem attachment by the Ccm system.
It was recently reported that the Ccm system failed to attach haem to a CXXCH that was engineered into Vitreoscilla haemoglobin in the periplasm; the apo-form of this modified haemoglobin was degraded [15] . The latter observation contrasts with our results in which we do not find evidence for the expression of the Ccm proteins having any effect on the amounts of the CXXCH-cDsbD formed; thus the CXXCH motif does not serve as an instability element for cDsbD. It is possible, as suggested by Gao and O'Brian [15] , that the Ccm system prevents a disulfide forming in Vitreoscilla haemoglobin and that such a disulfide results in degradation. In contrast, CXXCH-cDsbD is stable with either two thiol groups or a disulfide in the CXXCH motif. However, if the Ccm system recognizes little more than the CXXCH motif, then it is not clear why haem was not attached to this in Vitreoscilla haemoglobin.
There is a limited number of periplasmic proteins that contain a CXXCH motif and yet are not c-type cytochromes, e.g. the periplasmic E. coli disulfide oxidoreductase DsbC. This raises questions as to whether there are specific mechanisms, or features of such proteins, for preventing the attachment of haem. We found that co-expression of DsbC with the Ccm genes also resulted in a small amount of covalent haem attachment. We suggest that, as for cDsbD, a rapid acquisition of its native fold, probably along with the fact that it forms a dimer, protects DsbC from the Ccm system. Our in vivo experiments using CXXCH-cDsbD and DsbC strongly imply that a specific anti-Ccm device is not required for the thioredoxin fold. This is supported by the fact that non-cytochrome periplasmic proteins with a CXXCH motif have the latter fold.
The occurrence of the CXXC motif in both c-type cytochromes and thioredoxins has led us to consider if there is an evolutionary relationship between these proteins. Archaea contain proteins with the thioredoxin motif, but c-type cytochromes appear to have been acquired by this group by horizontal gene transfer from bacteria. Thus the thioredoxin motif might be more ancient than the cytochrome c motif. A relatively small genetic change would be needed to change a CXXC protein motif into a CXXCH motif. The appearance of a thioredoxin with a CXXCH motif might have led to the evolution of a c-type cytochrome.
Concluding remarks
With the possible exception of some monohaem cytochromes, apo-forms of c-type cytochromes are believed to lack significant tertiary structure. It is thought that the insertion of haem is essential for their folding and that the apoprotein remains unfolded until haem attachment occurs. This has recently been verified experimentally in vivo with a cytochrome c expressed in the E. coli periplasm [15] . In our work, we have explored the consequences of generating a haem-binding motif on the surface of a protein that is stable in its 'apo'-form. We propose that the rapid folding and/or high conformational stability are the causes of low levels of haem attachment that we have observed. This yields clues as to how the natural CXXCH motifs found on periplasmic bacterial proteins, such as DsbC, that are not c-type cytochromes might avoid covalent haem attachment as well as providing insight into the specificity of the haem attachment reaction by the Ccm system. 
